ABSTRACT: Orthogonally linked BODIPY units show exceptional intersystem crossing efficiencies. We now report orthogonal BODIPY trimers with strong absorption in the visible region and high singlet oxygen generation capability. The X-ray diffraction structure confirms that the two peripheral BODIPY units are at a perpendicular angle to the core structure.
B
ODIPY dyes have grown to become a family of compounds with diverse applications rivaling that of porphyrins.
1 From chemosensors to logic gates, 2 photodynamic therapy (PDT) agents 3 to dye-sensitized solar cell (DSSC) photosensitizers, 4 simple derivatives of BODIPY have proven to be quite valuable. In addition, with slight core modifications, such as expanded rings 5 or pyridine substitutions, 6 chemical diversity can be further enhanced. A broad palette of colors (S 0 −S 1 transition) can be obtained through straightforward derivatizations. 7 As a part of our ongoing efforts toward improved photosensitizers for photodynamic therapy, 8 we recently reported 9 that orthogonal Bodipy dimers have unique "degenerate" excited-state characteristics which make them exceptionally effective in photosensitized generation of singlet oxygen. This leads to a significant step in the right direction because incorporation of heavy atoms to facilitate intersystem crossing (isc) often results in increased dark toxicity 10 (i.e., toxicity of the photosensitizer compound itself, in the absence of light). Thus, the orthogonal dimer approach appears to be a straightforward methodology for the transformation of an ordinary dye into an effective photosensitizer, without heavy atom incorporation.
It is important to probe the limitations 11 of this approach both theoretically and experimentally. We were pleased to report 12 that simple derivatives of the orthogonal dimers covalently attached to upconverting nanoparticles (ucnp) can be excited at 980 nm to generate singlet oxygen, which makes the orthogonal Bodipy dimer−ucnp conjugates viable candidates as potential sensitizing agents for PDT.
It would be equally important to investigate an orthogonal Bodipy trimer as a model for extended orthogonality. To that end, we targeted compounds 5a and 5b for synthesis. The synthesis work (Figure 1 ) for 5a started with a commercially available aldehyde, p-tert-butylbenzaldehyde. tert-Butyl substituents may contribute to organic solubility and also facilitate formation of crystals suitable for X-ray analysis. Construction of the Bodipy core in accordance with the well-established procedures 13 results in compound 2a. Two consecutive Villsmeyer−Haack-type formylations 14 give 2,6-diformyl de-rivative 4a. This compound was then converted to the target trimer (5a) by applying the usual BODIPY synthesis protocol.
Compound 5b was synthesized similarly, with only difference being the use of 4-(5-hydroxypentyl)benzaldehyde (1b) instead of 1a. The trimer 5b was targeted for an additional potential for further functionalization. Both target compounds were characterized analytically ( 1 H, 13 C, and HRMS, see the Supporting Information). The absorption spectrum of 5a in dichloromethane (DCM) shows a major band in the visible region with a peak at 507 nm and a shoulder at 522 nm. The extinction coefficient at 507 nm is 181500 cm
. Crystals of 5a suitable for single-crystal X-ray diffraction study were obtained by slow evaporation of the DCM solution. The X-ray structure of the compound 5a reveals three orthogonal planes defined by the meso-tert-butylphenyl substituent, the core BODIPY plane, and the planes defined by the peripheral BODIPY units. The angles between these planes are essentially perpendicular to each other as expected (Figure 2 ). Our previous computational work suggests that although the peripheral BODIPY units are placed at about an 80°angle (i.e., less than 90°) in relation to the BODIPY core it is enough to cause degeneracy in the excited state.
A solution of compound 5a in DCM solution sensitized dissolved oxygen, and the characteristic phosphorescence emission of singlet oxygen at 1270 nm was detected (SI). By using 1,3-diphenylisobenzofuran as a singlet oxygen trap, relative singlet oxygen generation capacities were determined. 1,3-Diphenylisobenzofuran is a selective trap for singlet oxygen. The reaction proceeds with an initial [4 + 2] cycloaddition of the singlet oxygen, as isobenzofurans are one of the most reactive dienes in such cycloaddition reactions due to aromatization in the cycloadduct (Figure 3) . The intermediate species is unstable, and it decomposes into 1,2-dibenzoylbenzene. The net result is a decrease in the absorption of isobenzofuran ( Figure 4) ; thus, the progress of the reaction can be followed at 410 nm ( Figure 5 ).
Singlet oxygen quantum yields of both compounds in DCM were determined as 0.53 for 5a and 0.55 for 5b. Thus, we were able to show that orthogonality of the chromophores in the compounds 5a and 5b resulted in degenerate excited states (Bottom) Planes defined by the peripheral BODIPY units (red) are at an 81−82°angle to the core unit (blue structure), whereas the mesophenyl substituent is at a 90°angle to the same core BODIPY plane. Figure 4 . Decrease in the absorbance of the singlet oxygen trap DPBF in DCM solution at the peak absorbance of the trap compound in the presence of 5a. When kept in the dark absorbance does not change; however, once irradiation begins, in 4 min, 90% of the DPBF disappears. Concentration of the trimer 5a was 0.77 μM, and the DPBF concentration is 56.6 μM. The irradiation was carried out using a green LED array with a fluence rate of 2.5 mW/cm 2 . Figure 5 . Plot of absorbance as a function of time at the maximum of the DPBF peak at 414 nm in the presence of 0.77 μM trimer 5a. The experiment was carried out under green LED excitation with a fluence rate of 2.5 mW/cm 2 . The initial concentration of the DPBF concentration was set at 56.6 μM. with facilitated intersystem crossing to yield efficient singlet oxygen generators. Functionalization in 5b also reveals that it should be possible to use the trimer compound as a photosensitizer module and attach it to molecular entities or to nanoparticles as needed. Since it is important to have a general approach for the design of efficient photosensitizers without the incorporation of heavy atoms, the orthogonally chromophores are likely to be at the center of attention. In addition to the photosensitizing properties of the target compounds, it is also clear that the orthogonal BODIPY trimers can be utilized as chromogenic structural units. As the 2,6-positions of the peripheral BODIPY units are open to substitution, it is very likely that well-defined organic frameworks can be obtained by various coupling reactions. Further work along these lines is in progress and will be reported in due course. 
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